In this work, flower-like nanoparticles of lead sulfide (PbS) and metal-doped PbS nanostructures were synthesized via a simple hydrothermal method in water as a green solvent. The effect of temperature, precipitating agent and capping agent on the morphology and particle size of the products was investigated. Sugars were used as green, safe, cost-effective, and bio-compatible capping agents. The prepared products were characterized by X-ray diffraction, scanning electron microscopy, transmission electron microscopy, Fourier transform infrared spectroscopy, and ultra violet-visible spectroscopy. The effect of PbS as a photocatalyst on the degradation of three different azo dyes was investigated. Acid brown, acid violet, and acid blue were totally degraded at 60 min under ultra-violet irradiation.
Introduction
Lead sulfide (PbS) as a metal chalcognide and metal semiconductor has a narrow and direct band gap of 0.4 eV at room temperature. An excess of lead results in n-type conductivity in PbS, while an excess of sulfur makes it p-type (Mandal et al., 2016) . Dependence of band gap on the size in semiconductor nanoparticles is well known and changing their size leads to tunability of their optical properties. Metal sulfides are important materials because of their wide applications in optoelectronics and catalysis. PbS has a small effective mass of charge carriers and a high value of dielectric constant. PbS has a large exciton Bohr radius (18 nm) because of which quantum confinement effect is observed even for PbS with relatively large particle size. By changing the size and morphology of PbS nanoparticles, it has been possible to tune their band gap from 0.3 to 5.2 eV. PbS has different applications in lasers, light-emitting diodes, third-order nonlinear optics, single electron devices, optical switches and amplification, telecommunication, biological imaging, infrared (IR) detectors quantum dot, and multi-exciton generation solar cell (Zhao et al., 2011; Yadav and Jeevanandam, 2015; Hmar et al., 2016) . The optical absorption and emission can be easily tuned from near IR to visible region by reducing the dimension of nanocrystals. The size of the semiconductor clusters can be controlled, providing a vehicle for studying the transition of a semiconductor from molecular to bulk (Liu et al., 2001; Csanády et al., 2006; Ntwaeaborwa et al., 2009) . PbS is attractive for diverse applications because of its large-scale production by simple chemical method (Jana et al., 2008; Pourahmad, 2014; Sheshmani et al., 2015; Murugadoss et al., 2016) . The absorption wavelength can extend into IR region (800-1700 nm), which accounts for approximately 40% of the solar radiation reaching the earth's surface. Therefore, it is expected that PbS nanoparticles could improve light harvesting. There are literatures that are focused on the application of PbS as a photocatalyst (Wu et al., 2015) . On account of its unique semiconducting and optical properties, extensive effort has been devoted to prepare various PbS crystals (Liu et al., 2015) . The band gap of PbS can be easily adjusted up to a few electron volts when the size of the particles is reduced. Such a significant widening of the band gap is associated with small effective masses of electrons and holes. A lot of effort has been focused on the synthesis of PbS nanostructures and recently dendritic or flower-like structures have attracted much attention. Aqueous phase routes have been employed to obtain PbS microcrystals with a flower-shaped or urchinlike structure. Different dentritic PbS nanostructures can be synthesized through a surfactant-assisted hydrothermal process ( Sathyamoorthy and Kungumadevi, 2015) .
Experimental Materials and methods
The X-ray diffraction (XRD) patterns were recorded by a Philips (Amsterdam, Netherlands), X-ray diffractometer using Ni-filtered CuKα radiation. Pb(NO 3 ) 2 , thiourea (sulfur source), NaOH, NH 3 32%, ethylene glycol, and acetone were purchased from Merck (Darmstadt, Germany) and all the chemicals were used as received without further purification. A multi-wave ultrasonic generator (Bandeline MS 73, Berlin, Germany), equipped with a converter/ transducer and titanium oscillator, operating at 20 kHz with a maximum power output of 150 W was used for the ultrasonic irradiation. The ultraviolet-visible (UV-Vis) absorption spectra were taken from a Scinco SUV-2120 UV-Vis (Seoul, Korea) spectrometer. The scanning electron microscopy (SEM) images were obtained using an LEO (Cambridge, UK) instrument model 1455VP. Prior to taking images, the samples were coated by a very thin layer of Pt using a BAL-TEC SCD 005 sputter coater (CA, USA) to make the sample surface conducting and prevent charge accumulation, and obtain a better contrast.
Synthesis of PbS and metal-doped nanostructures
Some 0.45 g of Pb(NO 3 ) 2 , 0.05 g of Co(CH 3 COO) 2 4H 2 O (or CuSO 4 5H 2 O), 0.001 mol of thiourea, and 0.11 g of capping agents were dissolved in 200 mL of water and was stirred for 40 min at a temperature around 80°C. Then 10 mL of NaOH solution (1 M) was slowly added to the solution until pH reached around 10. The solution was added to the Teflon autoclave (capacity: 500 mL) for 5 h at 160°C. A black precipitate was then rinsed with deionized water.
Photocatalyst investigation
Some 10 mL of the dye solution (10 ppm) was used as a model pollutant to determine the photocatalytic activity. Some 0.1 g of catalyst was applied for degradation of 50 mL solution. The solution was mixed by a magnet stirrer for 1 h in darkness to determine the adsorption of the dye by catalyst and better availability of the surface. The solution was irradiated by an 8-W UV lamp which was placed in a quartz pipe in the middle of the reactor. It was turned on after 1 h of stirring the solution and sampling (about 10 mL) was done every 15 min. The samples were filtered, centrifuged, and their concentration was determined by UV-Vis spectrometry. 
Results and discussion
The structure and composition of PbS was investigated by XRD pattern (Figure 1) . The XRD pattern of PbS reveals the typical diffraction pattern of pure hexagonal phase (JCPDS No.: 01-0880) with P6 3 mc space group which has agreement with pure lead sulfide. The crystalline sizes from Scherrer equation, Dc = Kλ/β Cos θ, were calculated, where β is the width of the observed diffraction peak at its half maximum intensity, K is the shape factor, which takes a value of about 0.9, and λ is the X-ray wavelength (CuKα radiation, equals to 0.154 nm). The average crystalline size for nanoparticles was found to be about 35 nm. Figure 2 shows SEM of nanoparticles that were obtained by Pb(NO 3 ) 2 and glucose and it confirms agglomerated nanoparticles (around 25 nm) were synthesized. Glucose was used as a green capping agent and surface active agent. Interestingly it can be seen that glucose has an appropriate effect on the preferential growth and its usage leads to preparation of flower-like nanostructures.
The effect of cobalt as a metal doping agent on the properties and size of lead sulfide in the reaction time at 5 h hydrothermal method was also examined at 160°C in a 500 mL Teflon autoclave. The SEM images of cobalt-doped PbS in the presence of glucose are shown in Figure 3 . Outcomes confirm preparation of agglomerated nanoparticles with average particle size less than 38 nm. The SEM images of copper-doped PbS in the presence of glucose are shown in Figure 4 . Results confirm preparation (hydrothermal 160°C, 5 h) of mono-disperse nanoparticles with average particle size around 50 nm. Figure 5 depicts transmission electron microscopy (TEM) images of cobalt-doped PbS at different magnifications and show preparation of monodisperse nanostructures with average particle size less than 30 nm. Figure 6 shows the Fourier transform infrared spectroscopy (FT-IR) spectrum of the as-prepared PbS nanoparticles at 160°C, the absorption band at 314 cm −1 and 459 cm −1 is assigned to the stretching mode of Pb-S bond. The spectrum exhibits broad absorption peak between 3491 and 3587 cm −1 , corresponding to the stretching mode of O-H group of hydroxyl group. Figure 7 indicates the UV-Vis electronic absorption spectrum of nanoparticles. The UV-Vis spectrum of nanoparticles exhibits one excitonic peak at 290 nm.
Photocatalyst on the degradation of three different azo dyes was investigated. The changes in the concentration of dye are shown in Figure 8 . Acid brown, acid violet, and acid blue were degraded around 95%, 75%, and 85% at 60 min. Organic dyes decompose to carbon dioxide, water, and other less toxic or nontoxic residuals ( Ghanbari and Salavati-Niasari, 2012; Ghanbari et al., 2013; Hassanpour et al., 2016; Yousefi et al., 2016a,b; Hedayati et al., 2017) .
Conclusions
The lead sulfide nanostructures were synthesized via a simple precipitation method in the water as a green solvent. Sugars were used as green, safe, cost-effective, and biocompatible capping agents. The XRD pattern of PbS shows the patterns of pure hexagonal phase. The SEM image shows the PbS synthesis with glucose agglomerated nanoparticles.
Glucose was used as a suitable green and cost-effective capping agent. The effect of PbS as a photo catalyst on the degradation of three different azo dyes was investigated. Acid brown, acid violet, and acid blue were degraded around 95%, 75%, and 85% at 60 min under UV irradiation.
